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Jeffrey S, Lighs

Abstract

Two fests were completed by NASA Ames
Research Center to measure the acoustics and
performance of an XV-15 rotor.  These tests were a
flight test of the XV-13 aircraft and a wind tunnel test
of a single, full-scale XV-15 rotor. Acoustics and
performance measurements were obtained  for
helicopter-mode forward flight and descent condidons.
This paper summarizes the dama obtained from these
tests, Comparisons are made of blade loads and
acoustics data obtained from the two tests.  These
comparisons provide insight into both wind wmnnel
and  flight test experimental techniques and
capabilities,

MNotation

C, rotor torque cosfficient
Cy  rotor thrust coefficient
iy nacelle incidence angle, deg
M,, rotor tip Mach number
rotor radius, ft
¢,  aitcraft angle of attack, deg, posiive nose up
¢,  shaft angle, deg, positive aft
d,, rotor tip-path-plane angle, deg, positive aft
8, longitudinal flapping angle, deg, positive aft
M advance ratio
o rotor solidity ratio
£ rotor rotanonad speed, rad/sec

Introduction

Tilwotor aircraft hold the promise to greatly
enhance the air transportation system of the future.
They combine the vertical takeoff and landing (VTOL)
capabilities of helicopters with high speed capabilities
similar to trboprop atreraft.  However, capitalizing
on the ulwrotor’s potential reguires a  greasr
understanding of it performance and  acousiics,
especially for takeoff and landing.

The XV-13 aircraft wag developed in the carly
1970°s as a proof of concept vehicle.  Performance
and zcoustics  testing  were performed  dunng
development 10 ensure the viability of the concept
{Refs. 1-4), Environmental concerns over vertiport
placement has increased the need for in-depth
knowledge of dlootor acoustics for  landing
approaches {Refs. §, 6}
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Two recent ests of the XV-13 rotor system have
been parformed by NASA Ames. one in flight and the
other in a wind wnnrel. The tests were performed to
measure hlade-vortex interaction (BVI noise and
helicopter-mode performance and loads for the XV-13
rotor. One of the goals of these tests was to develop
and validate methods of testing that provide acoustics
measurements of the XV-15 rotor in the wind wnnel
that match measwrements made in flight.

In-flight acoustics measwrements of the Bell
XV-15 Tiltrotor Reseacch Adrcraft were obtained as
part of the In-flight Rotoreraft Acoustics Program
{IRAP). IRAP was established with the objective of
acquiring in-flight acoustic data to validate wind
sunnel measurements. A detailed description of IRAP
is given in Ref. 7.

In addigon 1o flight testing, a full-scale, single
XV-15 rotor was tested in the National Full-Scale
Aerodynamics Complex {(NFAC) 80- by 120-Foot
Wind Tunnel. Acoustics, performance, and loads were
measured for tunnel speeds from 60 to 80 knots, amd
for roilor tip-path-plane angles from -15 deg to +15
deg (Refs. §, 9).

Limited comparisons between the wind tungel
and flight test measurements for the XV-15 rotor have
been performed. Previous examination of wind wanel
and flight test measurements have demonstraied the
challenges involved in making these comparisons.
Blade load measurements for a hingeless helicopier
main rotor are known to be highly dependent on tim
methods (Ref, 10 Previous smdies of BV acoustics
showed accepiable comparison of wind wnnel and
flight test acoustic signatures in the form of similar
pulse widths and noise levels (Refs. 11, 12}
However, discrepancies were noted in the shaft angle
at which hegt agreement was obtained.

This paper summarizes results of the tweo tests of
the XV-13 rotor system.  Measurements {rom exch
test are compared, and issues associated with
comparing wind wanel measurements with tilirotor
aircraft measurements are presented.

Flig 2

IRAP testing requires two amrcraft, the subject
rotororaft and the NASA YO-3A Acoustics Research
Aircraft.  The subject rotorcraft for this test, the
XV¥-13 Tiltrotor Research Adreraft, comsists of an
airplane-style fuselage and wings, with 23-ft diameter



Table 1, XV-15 rotor characteristics.

Number of blades 3

Rator radius 1254

Blade chord at ap 14 in

Rotor solidity 0.08%

Blade twist -41 deg (nonlinear}
Hub precone angle 1.5 deg

Rotor airfoils NACA 64-series

rotors mounted on each wingtip. The nacelies and
turbine engines rotate to vertical to provide hovering
and helicopter meode flight.  The nacelles rotate
forward to provide propulsive force in airplane mode
flight and speeds up 1 300 knots. The XV-15 rotor
sygrem has three highly wwisied, metal blades with a
radins of 12.5 fi (Table ). A dewiled descripton of
the XV-13 aircraft is found in Ref. 13.

The YO-3A is a low-noise airplane modified by
NASA  specifically  for  acquiring  in-flight
measurements of mtorcrafi noise.  Microphones
mounted on the YO-3A wingtips and vertical tail
measute noise when the awplane is flown in
formation with a test rotorcraft. A detailed description
of the YO-3A aircraft is found in Ref. 14. Figure §
shows the XV-15 and the YO-3A in formation.

Flight conditions and microphone locations were
selected 1o measure the BVI noise from the starboard
rotor of the XV-15. The flight formation of the two
aircraft was maintained soch that the starboard wing
tip microphone of the YO-3A was positioned 20 deg
below the starboard rotor hub and at a rotor azimuth
of 150 deg. This was the estimated radiation direction
for peak BVI noise from the starboard rotor and was a
location for a microphone that could be readily
matched in the 80-by 120-Foot Wind Tunnel. The
nominal distance berween the starboard wing tip
microphone and the starboard rotor hub was three
rotor diameters (75 feet). The relative distance
berween the XV.-15 and YO-3A was measured with a
laser rangefinder.

Because the two rotors on the XV-15 arcraft
rotate in opposite directions, BVI acoustic radiation
from each rotor will be in widely separale directions.
Therefore, the advancing side BVI noise of the port
rotor should contribute only minimally to the BV]
noise of the starboard rotor measured on its advancing
side, The BVI acoustic measurement from the YO-3A
microphone wiil essentiaily be equivalent to testing
the starboard rotor ajose.  This is an mmportant
assumption when comparing the flight test and wind
tunnel data for the diwotor configuration, and was
investigated as part of the wind tunnel experiment.

est Condid

The range of test conditions from IRAP testing
of the XV-15 aircraft are supumarized in Table 2. All
test flights were flown with the XV-15 in belicopter-
mode, with nacelle incidence angle (i) nominally set
to 90 deg. Steady conditions were necessary for high
quality flight west data, hence low air tarbulence, #s
assessed by the pilot, was required for each data point.
Multiple data runs with the same flight conditions
were flown to ensure data repeatability.

Flight test conditions, including airspeed, up
speed, rotor tomue, aircralt angle of attack, gimbal
angle, and collective and cyclic control positions were
measured during the IRAP flights. Blade load and
control system loads were also measured.  Thuty-
second data records were recorded for each fhght
condition. All channels wete low-pass filtered (30 Hz
for pitch link, 100 Hz for blade bending moments) to
prevent aliasing. Unlike most rotorcraft tested under
IRAP, the XV-15 was instrumented to provide aircraft
angle of attack and rotor gimbal angle measurements.
Because the gimbaled rotor of the XV-15 13
essentially ngid, the rotor tp-path-plane can be
calculated (€, =0+B,c). The shaft angle is computed
using the aicraft angle of attack and naceile angle
{0500, (1,-90%). Rotor torque was directly measured
via gages on the roter shaft.

Time histories of aircraft separation distance and
trim state, as well as pilot comments, were exarmined
w0 select the steadiest section of each 30-sec dafa
record for analysis. The steadiest 32 revolutions
{about 3 sec) of each data record were selected for
Processing.

The acoustic signal at each test condition was
measured using a Bruel & Kjaer 0.5-in microphone
mounted on the starboard wing of the YO-3A. Thirty
seconds of acoustic dats were recorded on an FM
analog tape recorder, set to the IRIG Wideband I
standard and operated at 30 ips (resulting in an overall
0-20 kHz frequency response and 48 dB dynamic
range). A lfrev azimuth reference mansmitted from
the XV-13 was also recorded.

The data were low pass filered at 5 kHz 1o

prevent aliasing and digitized at 2048 pointsirev.
The data were then time averaged based on manual

Table 2. Flight test parameters.

Parameter Value
M., 0.69
oy, -4 deg 1o +2.5 deg
i@ 154 10 0154
Co {,00045 10 0.00080




selection of a repeating acoustic peak for each blade of
esch revolution.  This iechnigue (Refs. 11, 12
eliminated the smearing of the BVI pulse peaks caused
by RPM unstcadiness in sandard  averaging
techniques. AR average acoustic pressure time history
was generated for each flight condition.

Three noise level metrics were obtained by
integrating the respective sound pressere power
spectra: OASPL from the unfiltered spectra, dBA from
the A-weighted power spectra, and BLdB from 2
bandpass filtered specra.  The bandpass filtening
methed was used 1o highlight BVI events.  For this
method, the averaged time histories were digiully
filtered to antenuate frequency content below the 10th
and sbove the 50th blade passage harmonics. This
preserves the peak-to-peak amplitude and pulse width
of the high amplitude acoustic pulse indicative of the
BVI pulse, while effectively attenuating low frequency
content wnrelated 1o BVI (Ref. 9). The BLAB metnc
is used for the results presented in this paper.

Wi t

Wind tunnel testing was conducted 1n the 80- by
170-Foot Wind Tunnel of the National Full-Scale
Aerodynamics Complex (NFAC) located at the NASA
Ames Research Center (Fig. 23 A single, full-scale,
XV-15 rotor was tested on the Ames Rotor Test
Apparatus (RTA). The rowation direction of the rotor
was the same as the starboard rotor from the airerafi.
Figure 3 shows the model installed in the wind
wnnet. The rotor sysiem and gimbaled hub are actual
aircraft hardware, with modifications made to facilitate
attachment to the RTA.

The RTA is a special-purpose test stand for
operating rotors in the NFAC. The RTA houses
electric drive motors, a right-angle iransmission, a
S-component rotor balance with 22,000 1b thrust
capacity, and primary and dynamic control systems.
The RTA was mounted in the wind tunnel on a tyee-
strut support system placing the rotor hub nominally
31 f1 (2.5 R) above the wind tunnel floor. The model
angle of attack was changed by adjusting the height of
the tail strut. This installation allowed test stand
angles, and therefore rotor shaft angles, from -13 deg
(forward) to +15 deg {aft). Rotor collective and cyclic
pitch comtrols were input through the swasbplate by
three elecoro-mechanical/hvdraulic actuators.

The §0-by 120-Foot Wind Tunnel test section
has & sound absorbing hiner which attenuates acoustic
reflections  down o approximately 230 Hz
(absorption>%0%). In addition to the liner, sound-
absorbing foam was attached to portions of the RTA
fuselage and other selecied points to  eliminate
refiections from hard surfaces. This foam is partially
visible in Fig. 3.

For acoustic measuvements, several microphones
were placed around the model as indicated in Fig. 4.
Four traversing microphones {Microphone #1-

Microphone #4} were placed on the advancing side of
the rotor and 1.8 rotor radii below the rotor to
measure the BV noise footprint.  One microphone
{Microphone #5) was positioned at a distance
matching the sarbowrd wing microphone on the
Y(-3A arcraft as flown during IRAP flight testing.
Another microphone (Microphone #6) was placed in a
“mirror-image” posiion In the wind tnnel test
section to simulate the effect of the port-side rotor of
the XV-15 aircraft as measured by the YO-3A
microphone.  The “miTor-image” microphone was
positioned at the proper angle relative to the rotor
bugh, but at a somewhat closer distance, as indicated in
Fig. 4, due 1 test secuon constrainis.

ata Acquisith

The rotor hub Ioads were measured by the RTA
rotor balance, which measures Iift, drag, and side
forces, together with the rotor pitching and rolling
moments. Also incorporated was an instrumented
flex-coupling to measure volor torque. The rotor
balznce data have not been comected for any
aerodynamic hub tares. Blade loads, control system
foads, and control inputs were also measwred. Radial
locations for the flap bending moment, chord bending
moment and blade torsion measurements are shown in
Fig. 5.

Data acquisiion of performance and load
parameters was synchronized to the rotor positon,
with 64 samples per revolution, and low-pass hltered
at 100 Hz, Time history daa are available for all
channels, and have been comected to accoumt for
amplitude and phase shifts caused by Gltering.

The acoustic data were recorded and processed on a
separate data systern.  Bruel and Kjaer 0.5-in
microphones measured the acoustic signals, which
were amplified, anti-alias fikered at 4 kHz, and
recorded on the Acoustic Dlata Acquisition System
{ADAS). The acoustic data were digitized with 16-bit
resolution (>80 4B dynamic range) at 2048 per rev
{approximately 20k samples per second). Sixteen
revolutions of dam were recorded ar each test point. A
i/rev azimuth signal was recorded in addidon to the
microphone signals.

The acoustic data obtained during the wind tunnel
test were averaged in the time domain with 2048
points {one revolution) per frame. Sixteen frames of
data were utilized in each time average,

Tabie 3. Nominal wind mnnel est conditions.

M, 0.690

e -15 deg to +15 deg, 1 deg mcrements
JF} 0.125, 6130, 0170

Coo 0.060, 0.075, 0.090, 0.103




nditi nye

Wind mnnel test data were established using two
methods. The first method used a matrix approach,
and the second sought to match specific operating
conditions with the IRAP test.  For the mainx
approach, testing was conducted over a range of
advance ratios, shaft angles, and C./o's as shown in
Table 3. Test conditions were reached by first setfing
a constant tunael speed and then varymg the rotor
shaft angle while maintaining a constant Ci/g. In
general, rotor flapping, as mwasured by the hub
gimbal angle, was wimmed to zero, so shaft angle
corresponds to rotor ip-path-plane angle.  Initial runs
established the combination of advance ratio and tp-
path-plane angle for peak BVI noise levels measured
at Microphone #5. Subsequently, detiled acoustic
ddata were obtained for values of advance ratio and tp
path plane angle at and near the peak BVI conditions.
This included surveys of the acoustic field below the
advancing side of the rotor using the microphone
Taverse,

Matching wind tunnel test conditions with those
measured during flight required a different approach.
The rotor trim state was not matched exactly between
the wind wnnel. and flight test. The longimdinal
flapping on the aircraft results from balancing aircraft
moments for a given flight condition. These values
of longitudinal flapping were not obtainabie in the
wind funnel due to control system load consiraints.
Therefore, the rotor tip-path-plane angle (0= +8,0)
was matched between the two tests, rather than the
shaft angle and longitudinal flapping individually. As
there was no direct measure of rotor thrust on the
aircraft, and estimating the rotor thrust from the
aircraft weight and wing lift was problematic, the
rotor torgue coefficient was used as a matching
parameter. The rotor torque is a direct meastrement
from the rowor shaft for both the XV-15 amrcraft and
the wind twnnel model. If was assumed that by
matching {1, M, o, and Cy, the rotor thrust for the
two tests will be matched.

Wind Tunnel Results
Performance

Rontor performance was measured for shaft angles
from -15 deg to +15 deg at a constant Cy/o=0.075,
for three advance ratios (Fig. 6). As shaft angle was
mcreased, the rotor torgue coefficient decreased i a
roughly linsar meanner for a given advance ratio. At
positive shaft angles, changes in the wnnel speed
result in changes in torque coefficient. However, at
o,=-15 deg, tunnel speed has very little effect on the
power required 1o maintain thrust. A more detaded
gxampination of the wind tunnel results, including
hover and forward flight performance, can be found in
Ref. 8.

Blade Loads

Figure 7 shows the time history of the flap
bending moment at 3.35R as a function of shaft
angle, for us0.125, and Cy/o=0.073.  This figure
illustrates the changes in magnitude and waveform for
flap bending moment over the range of shaft angles
tested. The mean value of the flap bending moment
decreases with increasing shaft angle. All shaft angles
show similarly increasing loads on the advancing side,
while differences in joading on the retreating side aw
apparent.

Figure 8 shows the ume history of the chord
bending moment at 0.35R as a function of shaft
angle. for u=0.123, and Cy/o=0.075. The waveforms
and magnitude change significantly over the range of
shaft angles tested.

Acoustics

Figure § is 2 plot of noise levels, measared at
Microphone #5, over the range of up-path-plane
angles of attack and advance ratios fested, for a fixed
C/o=0.075. The figure shows that the highest noise
levels occurred at O, of approximately +4 deg {(nose
up) and advance ratio of 0.170.

Figure 10 demonstrates the acoustic footprint at
the highest measured BVI condiion (g,=4 deg,
f=0.170, C/a=0.075). Note the highest values am
measured toward the starboard edge of the traverse
range. Future testing will expand the maverse range
to ensure this outer region is switably measured. A
more detailed examination of the BVI acoustics
measured during the wind runnel test can be found in
Ref. 9.

Wind Tunnel 7/ Elight Test Comparisons

The wind tunnel test was conducted after flight
testing, providing an opportunity 10 match specific
data points. A preliminary comparison between wind
wanel and flight test measurerment has  been
performed. Table 4 shows the maiching st
condition examined in this paper. This was the
closest matching condition obtained doe to limnitations
in the control system hardware specific to the RTA
test installation. Both datd sets have been correcied to
account for amplitude and phase shifts caused by
filtering.

Loads

A comparison of the piich-link load measurement
between the wind tunnel and flight conditions is
shown in Fig. 11, Both traces show a strong liev
component, while the wind tunnel data also have a
higher frequency (%rev) component.  There are two
possible explanations for this. First, the lower filter
setting for the pitch link during the flight test (30 Hz,



Table 4. Martching test condition for XV-15 flight test and wind tunnel test.

g 0 (deg) Bic (deg) oy, (degy | My Cq
Wind tunnel 0.157 1.5 0.1 1.6 690 00044
Flight test 0.159 0.6 1.3 1.9 690 00045

vs. 100 Hz in wind tunnel} may be eliminating the
high frequency vontent. Second, the stiffer conmol
system of the RTA, compared o that of the aircraft,
could account for the high frequency oscillations.

“The aireraft starboard rotor and the wind tunnel
rotor each had flap and chordwise bending moment
gages at the 35% radial station. A companson of the
flap bending moment at 0.35R is shown in Fig. 12.
Both waveforms show the Vrev and higher frequency
oscillations in flap bending moment. The significant
differences int the mean values conld be capsed by the
different trm methods used in each test.  For the
flight test data, the increase in flap bending moment
near the wing location of 270 deg could be attributed
1o aerodynamic interaction with the wing. However,
ihis same increase is seen for the wind tunnel case.
This suggests that for blade loads measurements, the
isolated rotor of the wind tunnel test adequately
models the rotor/wing configuration of the aircraft.

The chord bending moment at 0.35R is compared
in Fig. 13 for the wind twonel and flight test
conditions of Table 4. The time histories again show
similar rev and higher frequency oscillations. The
chordwise bending moment corresponds te drag on the
blade, and thus, rotor torgue.  Therefore, the
agreement of the mean values could result from the
choice of Cy as a matching parameter. If rotor thrust
coefficient were matched. rather than C, i 18
conceivable that flap bending moment would show
better agreement.

ACOUSHCS

The time histories of acoustic pressure measwred
at the test conditions of Table 4 are compared in Fig.
14¢a). To facilitate comparison, the flight test data
have been phase shifted so that the BVI pulses align.
Blade-to-blade differences are evident, as are differences
fn the regions between the BVI events.  However,
gverall features of the waveforms, such as pulse width
and  the relative  azimuth  separation of
maxima/ininima, agree reasonably well,

Figure j4{b) shows the same tme history with
an expanded azimuth scale. The ampiitede of the BVI
event is larger for the wind tunpel data This is
consistent throughout the dataset.

Prim Consideragons

Changes 1 shaft angle were found 1o affect the
amplitude of the BVI occurrence.  Comparison of the

acoustic time history measured 1 the wind tunnel for
shaft angles from 1.5 deg to -4 deg, showed the best
amplitude match with flight test data was obtaned for
a shaft angle of -3 deg (Ref. 9). Figure 15 shows the
scoustic time histories for the conditions of Table 4,
as well as for s shaft angle of -3 deg obuined in the
wind tunnel. The delay in azimuth of the pulse with
the increase in (1, i$ consistent with the increase in
distance to the measurement microphone. The sound
pressure has been distance nommalized to account for
the change in source-microphone separaion as O,
varies. Note the cioser agreement in peak-to-peak
amplitude for the 1.9 deg flight test and -3 deg shaft
angle cases. '

This comparison is cared a step further in Fig.
16, which shows the time history of the flap bending
moment for the matching conditions of Table 4 and
for a shaft angle of -3 deg. The -3 deg shaft angle
case provides a closer match with the mean value
measured in the flight test. It alse shows the local
peak in flap bending near 350 deg azimuth.

Figure 17 shows the time history of the
chordwise bending mwoment for the matching
conditions of Table 4 and for a shaft angle of -3 deg.
It also captures the higher frequency oscillations better
than the 1.6 deg case.

These results suggest limitations in the matching
of the flight test and wind tungel data.  The
discrepancy may arise from the Gp-path-plane angle
measurement in the wind tunnel or on the aircraft
The difference may aiso be cmmed by the differemt
rotor thrust or different flapping conditions on each
rotor. It must also be realized that this is based on
comparisons at oely one condition.  Additonal
comparisons should be completed in order to beter
understand these differences.

Conciusions

Two tesis were conducted by NASA Ames
Research Center to examine the BV acoustics and
performance of the XV-15 rotor. A flight test of the
XV-15 Tiltrotor Research Aircraft was conducied 10
measure the BVY acoustics of the rowor for descent
flight conditions. A wind tunnel test of a single. fuil-
scale XV-15 rotor was conducted to  measue
performarnce, loads, and acoustics for a range of shaft
angles and advance ratios. Comparison between the
wind tunnel and flight test results provide the
following conclusions:
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Wind tunnel and flight test time histories for
pitch-link, flap bending, and chord bending Toads
agree reasonably well for the test condition
examined.

Influence of RTA body in the wind tunnei test,
and XV-15 wing/fuselage in flight test, has no
discernible effect on blade bending loads.

Tmproved agreement of results can be obtained
by matching torque coefficient and advance ratio

. while adjusting the tip-path-plane angle. This

provides a better mawh of the BVI noise
amplitude, as well as beuer matching of the
details of the blade bending moments.
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Fig. 1. XV-13 aircraft in formation flight with the
YO-3A.

Fig, 3. XV-I15/RTA test installation in the 80- by

120-Foot Wind Tunnel.
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